In this paper, an efficient numerical method to solve sliding contact problems is proposed. Explicit formulae for the Gauss-Jacobi numerical integration scheme appropriate for the singular integral equations of the second kind with Cauchy kernels are derived. The resulting quadrature formulae for the integrals are valid at nodal points determined from the zeroes of a Jacobi polynomial. Gaussian quadratures obtained in this manner involve fixed nodal points and are exact for polynomials of degree 2n − 1, where n is the number of nodes. From this Gauss-Jacobi quadrature, the existing GaussChebyshev quadrature formulas can be easily derived. Another apparent advantage of this method is its ability to capture correctly the singular or regular behaviour of the tractions at the edge of the region of contact. Also, this analysis shows that once if the total normal load and the friction coefficient are given, the external moment M and contact eccentricity e (for incomplete contact) in fully sliding contact are uniquely determined. Finally, numerical solutions are computed for two typical contact cases, including sliding Hertzian contact and a sliding contact between a flat punch with rounded corners pressed against the flat surface of a semi-infinite elastic solid. These results provide a demonstration of the validity of the proposed method.
INTRODUCTION
Contacts involving full relative sliding of mating surfaces, or gross slip, occur frequently in natural and engineering contexts. In the case known as complete contact the extent of contact is determined by the shape of the two surfaces. For contacts known as incomplete contacts, on the other hand, the extent of the contact depends on the applied tractions, both normal and tangential. Typical examples of plane incomplete contacts are schematically depicted in Figure 1 . The classification of contacts into complete and incomplete is the most relevant for the purposes of the present analysis, since it establishes immediate correspondence with the type of traction distribution and stress field (singular or regular) in the vicinity of the point of separation between contacting surfaces. It is also possible to introduce the term 'semi-complete contact' to refer to the two-dimensional situation when the elastic field behaviour is different at the two edges of the contact patch. At one end the contacting surfaces come together smoothly, resulting in a situation when the extent of contact is determined by the load, i.e. contact is incomplete; consequently, the stress field is regular. At the other edge of the contact patch one of the contacting profiles may exhibit a discontinuity in the derivative, resulting in a situation when, within a certain range of externally applied loads, the position of the contact edge does not change; the contact is therefore complete and the stress field singular. Note that three-dimensional contacts may display more complex behaviour than is implied by the above classification: contact may be complete along part of the edge contour of the contact patch, and incomplete along the rest; and this may change depending on the applied load.
Further possibilities for classification of contact situations exist. For example, sometimes contacts are classified into stationary, on the one hand, and receding or advancing, on the other [1, 2] . This classification is based on the consideration of the behaviour of contact patch under increasing applied load: stationary contact remains unchanged, advancing refers to the situation when the separation point moves out with respect to the contact, and receding to the situation when the opposite takes place. This classification, however, is not entirely suitable for the present analysis, when complex loading by the combination of normal P and shear Q loads, and moment M can be considered. The reader may readily ascertain with the help of an experiment involving e.g. a rigid wheel pressed against an elastic surface that by selecting different loading histories in terms of P, Q, M it is possible to make the contact receding or advancing at will.
Let us assume that at every point within the contact full relative sliding of the contacting surfaces takes place, and that Coulomb's friction law holds in the form:
where q(x) is the shear traction, p(x) is the normal traction, and f is the coefficient of friction. The two contacting bodies may be elastically similar or dissimilar. In the former case the influence of shear tractions and deformations on the normal tractions can be ignored [3] . However, for dissimilar contacts that is not the case, i.e. interaction is observed between deformations induced by the normal and shear tractions. Such contact problems are said to be coupled. This type of contact can be mathematically described by the singular integral equations of the second kind [3, 4] , which can be presented by the following standard form:
where f (x) is the derivative of contact gap which will be assumed to be a continuous function, a and b are material parameters, and the unknown normal traction function (x) should be continuous and satisfy the Hölder condition. Cauchy principal value of the singular term must exist in the closed interval [−1, 1]. For Hertzian contacts the restrictions of Equation (2) imply that the extent of contact must be small in comparison with the characteristic radii of curvature, and that the strains induced must be sufficiently small for the linear theory of elasticity to be appropriate. For the sake of simplicity dissimilar elastic contact problems shown by materials 1 and 2 are transformed into the equivalent formulation involving a rigid-elastic contact shown by material 3 and a rigid indenter in Figure 1 . The equivalent material 3 of the upper half plane in Figure 1 has the elastic properties obtained as a mathematical combination of the elastic properties of materials 1 and 2, while the indenter is assumed to be rigid [3] . The correspondence thus established is not one-to-one: a rigid-elastic contact may be represented by various dissimilar elastic contacts, but any dissimilar elastic contact can only be represented by a unique rigidelastic contact model. It should also be pointed out that the restrictions imposed in this analysis on dissimilar elastic contacts are stricter than those for the rigid-elastic contact. Here we shall use the rigid-elastic contact models to demonstrate the validity of the newly proposed numerical method.
Most contact problems involving complex geometries do not permit analytical solutions in closed form. Three principal methods have been used in such cases, namely, the finite difference method (FDM), finite element method (FEM), and boundary integral equation method (BIEM). FDM is probably the most straightforward approach involving discretization of the governing differential equations. It has been used in early studies, but is in relatively infrequent use nowadays since it is thought to provide lower precision, although some researchers argue that it is acceptable in certain situations [5] . The other two methods have been used widely to solve elastic contact problems reported in the literature. Many researchers employed general FEM packages to consider frictionless and frictional contact problems ( [6] [7] [8] [9] [10] ; and others). FEM can be effectively used for arbitrary complex geometry, but some significant effort is required to ensure that sufficiently fine mesh density is achieved near the contact face and the required accuracy of solution is achieved. BIEM has been also widely employed for this type of problems ( [3, 4, 11] ; and others). Compared with the FEM, the BIEM is often more convenient, efficient and straightforward for simple contact configurations, but may be more restrictive in capturing complex geometry away from the contact, and complex material constitutive behaviour. Under the assumption of linear elastic deformation, the BIEM is probably the method of choice in contact mechanics, as far as the calculation of normal and tangential traction distributions is concerned.
A numerical formation of the BIEM in contact mechanics for full slip incomplete contact problems can be constructed by taking the following steps [3, 4]:
1. Evaluate the derivative with respect to the tangential co-ordinate of the relative surface displacement of substrate surface due to a standard triangular distribution of normal and tangential tractions. The triangular element approach to discretization of the unknown continuous traction distribution is in fact equivalent to the trapezoidal rule for subinterval in numerical integration methods. In comparison with the Gaussian quadrature approach this method has somewhat lower accuracy for the same degree of discretization. Furthermore, this method does not make any explicit assumptions about the behaviour of the contact tractions near the edge of contact, despite the fact that this information is readily available from function theoretical analysis of the governing integral equation. Finally, the triangular distribution method does not provide explicit relationships between the normal load P, the tangential load Q, and the external moment M. A formulation of an efficient and fast numerical method similar to Gaussian quadrature approach appears to be relevant and timely. The purpose of this paper is to analyse the singular integral equation for the case of full relative sliding elastic contact (Equation (2)), and to propose a new efficient and powerful numerical method for the solution of sliding contact problems. We also consider the closure condition that arises from the analysis, and explore the resulting relationships between the normal load P, the tangential load Q, and the externally applied moment M.
The authors are fully aware of the fact that the proposed method (or, more precisely, the underlying formulation) is limited to elastic problems. It is important to realize, however, there are many situations in engineering when contacts are designed to remain elastic. For example, the geometry of dovetails connecting aeroengine blades to the disk is optimized (by selecting cut-out angles and radii of curvature) to eliminate plastic deformation. Furthermore, elastic solutions for deformation and stress fields are widely used as an indication of the severity of contact and the likelihood of local plastic deformation, fatigue crack initiation, etc. A shining example of this approach is provided by the modern use of the linear elastic fracture mechanics: originally formulated for perfectly elastic and brittle solids, the theory has come to be applied to situations when the extent of plasticity is limited (the so-called small-scale yielding) to regions in the immediate vicinity of the fracture front. The argument is then advanced that the fracture processes occurring within this region are completely determined and governed by the deformation and stress state in the annular region surrounding the crack tip in which the material behaviour is elastic, and therefore adequately represented by the simpler linear solutions. A similar argument can be advanced in the present case: provided the extent of plasticity is very limited, the elastic formulation provides an excellent way of determining the 'outer asymptotic' description of the stress field. Demonstrating how this solution can be determined using an efficient numerical framework is the purpose of the present article.
In the present article we focus our attention on the so-called incomplete contacts defined previously. The flat-and-rounded geometry chosen in our analysis is a prominent representative case of incomplete (non-conforming) contact. However, it is important to emphasis that the method proposed is sufficiently general not only to tackle any chosen contact geometry that is incomplete, but also, with minor modifications, cases of complete contact [12] [13] [14] . This choice of flat-and-rounded geometry is neither limited nor restrictive, since it allows the consideration of a number of important cases. By modifying only one parameter (edge radius) it is possible to consider the full variety of contact geometries, from Hertzian (large edge radius) to the limiting transition towards sharp-edged, complete contact. Although in the last case the limit corresponds to a qualitative transition in the nature of the traction distribution, the approach to it can be studied using a series of flat-and-rounded geometries with diminishing edge radii. This also provides a measure of sensitivity of the solution to this parameter.
The present paper does not address partial slip contact problems (stick-slip problems). These are indeed much more challenging than the full sliding problem presently considered. However, in order to tackle these problems within the framework of coupled singular equations, it is necessary first to develop the suitable instrumentarium, particularly the quadrature techniques. The usefulness of developing well-established singular quadrature techniques for applications in fracture mechanics has been demonstrated using the example of hypersingular kernels [15] ; however, similar developments have not been presented for frictional contact problems. The present paper addresses this objective. This paper is constructed as follows. Firstly, the singular integral equation and the related integrals are introduced in Section 2. The Gauss-Jacobi numerical integration scheme for singular integral equations is derived and presented in Section 3. For the sake of completeness, the formulation appropriate to the determination of the elastic fields within the substrate is given in Section 4. In Section 5, as special cases of the result given in Section 3, the numerical formulae of Erdogan et al. [16] are easily reproduced. Finally, the efficiency of the proposed method is demonstrated using two typical contact problems in Section 6.
FUNCTIONAL FORM FOR THE SOLUTION OF SINGULAR INTEGRAL EQUATION FOR FULL RELATIVE SLIDING CONTACTS AND SOME RELATED IDENTITIES
Muskhelishvili [17] and Erdogan et al. [16] show that the solution of Equation (2) can be expressed in terms of a weight function w(x) multiplied by a bounded function g(x) as follows:
where
In practical problems the index is an integer that may assume the values −1, 0, and 1, depending on the nature of the problem.
We intend to represent the unknown bounded functions as a series of Jacobi polynomials in the monic form (denoted p ( , ) n (t)), i.e. normalized so that the coefficient of the greatest power is equal to unity. Monic polynomials, p ( , ) n (t), are related to the canonical form, P ( , ) n (t), of the Jacobi polynomials, as follows:
The following recurrence relations hold (e.g. Reference [18] ):
Two important recurrence relations apply to the derivatives of p ( , ) n (t) and are given by
Additionally, in the present context the following formula for Jacobi polynomials in the monic form is found useful [12, 16] :
Equations (8), (11), (12), and (13) will be used frequently in the following sections.
INTERPOLATIVE QUADRATURE FORMULAE
We now seek the solution of Equation (2) in the form given by Equation (3) . At this stage we fix the order of discretization to be an integer number n, and denote the roots of p
We represent the unknown function g(t) in the form of a Lagrangian interpolation formula based on its values at the nodal points, i :
where prime denotes the derivative.
Firstly, considering the second term on the left-hand side of Equation (2), and substituting Equation (15) gives
dt (16) Equation (16) can be simplified by using Equations (13) and (14) as
By virtue of Equation (15), we can write Equation (18) as
Substituting Equation (19) into Equation (2), and considering Equation (3), the following discretized form of Equation (2) can be derived:
We have replaced the original equation Equation (2) by an approximate form containing only the values of g(t) at n fixed collocation points i . We now wish to introduce a further approximation, and solve Equation (20) by enforcing the equality only at a finite number of collocation points x = x j . We require a judicious choice of collocation points to achieve an efficient solution. By choosing in Equation (20) 
Equation (2) is finally reduced to the following algebraic system:
where (22) is the Gauss-Jacobi quadrature formula for singular integral equations applicable to the general type of behaviour of the solution, including the cases when the value of the unknown function (x) = w(x)g(x) are finite or approach infinity at either or both ends of the interval.
Contact problems can be classified into three kinds according to the value of as follows:
(1) Complete contact ( = 1). In this case the approximate formulation of Equation (22) is not closed, since the number of equation is less than the number of unknowns by one. An additional condition should be considered. For complete contacts, the equilibrium condition can be viewed as the additional condition as follows:
where P is the external force, and a 1 is the half-contact width. Making use of Equation (15) and considering Equations (13) and (14), Equation (24) is transformed into the form
From Equations (22) and (25), the traction along the contact surface can be solved. (2) Semi-complete contact ( = 0).
The number of unknown variables are equal to the number of equations in Equation (24), so the system of equations is closed. This case can be easily solved, and a simple example has been investigated by Erdogan et al. [16] . (3) Incomplete contact ( = −1).
Equation (22) is satisfied for n+1 values of x j . Since there are only n unknowns g( i ) in (22), an equation corresponding to one particular value of x j must be ignored. More importantly, it should be emphasized that for incomplete contacts not only the extent of contact, but also its centre position are not known. It follows that the gap function must in fact be taken for shifted form f (x) = f 1 (x − e), where e denotes the contact's eccentricity. For this case, Muskhelishvili [17] shows that an additional condition must be satisfied,
From Equation (26) the eccentricity e can be computed.
Once the contact type and gap function f (x) are known, other unknown variables, such as surface tractions and the substrate stress state, can be uniquely determined. The external moment acting on the contact surface can be determined as
This observation implies that once if the total normal load and the friction coefficient are given, the external moment M in a fully sliding contact is uniquely determined by the solution. Substituting Equations (3) and (15) into Equation (27), and considering the orthogonality property of Jacobi polynomials, and Equation (14), Equation (27) can be numerically expressed as follows:
The problem of finding polynomial roots to a great degree of accuracy is of direct relevance to the task of accurate determination of the Gaussian weights [19] and hence the precision of the resulting quadrature. Efficient numerical algorithms are available for recursive evaluation of Jacobi polynomials and for finding their roots with a high degree of precision by iterative improvement. These algorithms are given by Stroud and Secrest [18] .
STRESS FIELD IN THE SUBSTRATE
For the sake of completeness of presentation, the procedure for the calculation of the stress field within the substrate is presented here. Suppose the solution has been found for the surface tangential traction q( ) and normal traction p( ) within the contact by the previous method. The stress fields in the substrate can be obtained by the Green function method as follows:
The influence functions are regular for all points not lying on the boundary and are given by [3] 
By virtue of Equation (1) and using the fact that within the contact region p(x) = (x), Equation (29) can also be rewritten as
Substituting Equations (3), (15) into Equation (31), and using Equations (13) and (14), we obtain
SPECIAL CASES OF THE GAUSS-JACOBI QUADRATURE
The general Gauss-Jacobi quadrature formulae presented in Section 3 contain as special cases some of the published results, e.g. the formulae for singular integral equations of the first kind by Erdogan et al. [16] suitable for the analysis of frictionless contacts. We can elucidate the nature of Gauss-Jacobi quadrature formulae somewhat further in this connection. The standard form of singular integral equation of the first kind is obtained by setting a = 0, b = 1. Different cases for the values of , , and can be obtained from Equation (4) corresponding to the contact type as described in Section 3:
Some linear algebraic equations are identical in form to those given by Erdogen et al. [16] . However, the derivation on the basis of the general results presented in Section 3 is much simplified. The powerful quadrature formulae for the equations of the first kind have been used extensively in the solution of fracture mechanics and frictionless contact mechanics problems. We express the expectation that the Gauss-Jacobi quadrature formulae for singular integral equations of the second kind, proposed in this paper, will serve as a convenient analysis tool in these fields.
EXAMPLE PROBLEMS
The special cases discussed in Section 5 serve as an illustration of the correctness of the proposed Gauss-Jacobi quadrature formulae in special cases. In this section two further numerical examples drawn from typical sliding contact problems will be considered. Firstly the sliding Hertzian contact in the presence of friction is solved. Secondly, fully sliding contact is considered between a rigid flat punch with rounded corner and an elastic substrate. Frictionless contact for this case has been investigated by Ciavarella et al. [20] .
Sliding Hertzian contact with friction force
The problem of a rigid cylindrical punch sliding on an elastic half-plane is considered in Figure 3 . The problem is solved by the numerical method presently proposed. Note, however, that this problem may also be solved in closed form analytically. Comparing the results obtained by the two different approaches provides a good method for the evaluation of the accuracy of the numerical method proposed in this paper.
Since the punch is rigid we are concerned solely with the deformation of the half-plane. The normal displacement of the surface, v(x), is related to the normal and shear tractions p(x) and q(x) as follows [21] 
where is Poisson's ratio, is the modulus of rigidity, R is the radius of the contacting cylinder and e is the eccentricity. Since the punch is sliding, the shear and normal tractions are everywhere related by Equation (1) . Hence, Equation (53) becomes
The eccentricity e in Equation (54) can be found from the following auxiliary equation [21] :
The solution of Equation (54) is [21] p
where, X = x/a 1 , B may be determined by
and
where P is the external load. From Equations (3), (4) and (57), the explicit solution for the bounded function g(x) is found:
which for this case is a constant. Equation (54) can also be written in the standard form as
The numerical solution of Equation (61), i.e. the nodal values g(T i ), obtained by the GaussJacobi quadrature formulae, Equation (25), is presented in Table I . The calculations were performed for f = −0.3, = 0.3, E = 2 (1 + ) = 1.15 × 10 11 Pa, P = 1000 N/m, R = 0.3 m, the number of collocation points was n = 20, and the nodal points i were calculated from Equation (14) . From Equation (58) and the specified parameters, B has the value B = 0.4727828, so that the analytical solution gives
Under the chosen total load P, using the Newton iteration method, we evaluate the semi-contact width and the external moment, respectively, as a 1 = 55.036 m and M = 0 N m. The calculated nodal values of the function g( i ) given in Table I compare well with the analytical result in Equation (62). Numerical results in Table I provide a clear demonstration that the proposed method is an efficient technique for the solution of singular integral equations of the second kind frequently encountered in contact mechanics.
Fully sliding contact of a flat punch with rounded corners
The problem of a fully sliding contact between the flat semi-infinite elastic substrate and a rigid flat punch with rounded corners, shown in Figure 4 , is described by the equation
where the derivative of gap function f (x) of the punch can be expressed as
where r is the half-width of the flat end. The eccentricity e requires numerical determination from Equation (26). We carried out calculations for = 0.33, E = 2 (1 + ) = 1.15 × 10 11 Pa, R = 50 mm, r = 4.15 mm, P = 1.5 × 10 6 N/m. Figure 5 shows the traction profiles along the contact. Detailed numerical results for the eccentricity, extent of contact, and external moment are given in Table II . With increasing coefficient of friction the eccentricity increases, as does the external moment. At the same time, the value of peak traction on the left (trailing edge of contact) decreases while the value of peak traction on the right (leading edge of contact) increases. Compared with the value of peak traction in the frictionless case, the peak traction value increases by about 20% for the friction coefficient of f = −0.8. In many engineering problems the absolute value of the friction coefficient is not expected to exceed 0.6. From this numerical result we conclude that the effect of friction on the normal traction distribution may be judged to be mild for those cases. This assumption has been frequently used in friction contact mechanics without direct proof. However, if the friction coefficient increases significantly, as in cases of severe and scoffing, wear the tangential tractions take on substantial values, and the associated external moment is also increased. The combination of tangential and normal tractions induces strong effects on the substrate stress state, resulting in situations when critical stress states for plastic deformation or crack initiation may be reached more easily, having strong implications for component's structural integrity.
CONCLUDING REMARKS
An efficient numerical method for the solution of sliding contact problems is proposed in this paper. Explicit results for the Gauss-Jacobi numerical integration scheme for singular integral equations of the second kind with Cauchy kernels are presented. The resulting discretizations hold valid at chosen collocation points, determined as zeroes of a Jacobi polynomial. As in all Gaussian quadratures, the final quadrature formulae involve fixed nodal points and provide exact results for polynomials of degree 2n − 1, where n is the number of nodes. The method captures correctly the singular or regular behaviour of the traction distribution near the edges of contact.
Two typical example problems for sliding contacts are solved. One is the frictional sliding in the case of a plane Hertzian contact. Comparison between the numerical result and the analytical solution provides a good demonstration of the validity of this method. The sliding contact between a flat punch with rounded corners and a flat surface of a semi-infinite elastic solid is treated numerically. The effect of the friction coefficient on the normal traction distribution is studied. Numerical results show that the increase in the peak normal traction compared to the frictionless case is mild provided the friction coefficient does not exceed about 0.6. For these cases our result confirms that frictionless contact approximation is acceptable. The numerical solutions obtained in this paper have also been extensively validated against finite element simulations, and showed excellent agreement, within the accuracy limits afforded by the finite element models. It is worth noting that the computational time required to obtain the solution using the methods described in the present paper was at least a factor of 20 less than that needed to solve the corresponding finite element model, not counting the data preparation time.
The current method has so far been applied to fully sliding contacts, and allows complete, semi-complete, and incomplete contacts to be considered. From the point of view of computational efficiency this method seems preferable to the triangular traction distribution method.
The method would also allow partial slip contact problems to be considered. This class of problems will be studied separately.
